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The world is urbanizing most rapidly in tropical to sub-temperate areas and in coastal
zones. Climate change along with other global change forcings will diminish the
opportunities for sustainability of cities, especially in coastal areas in low-income
countries. Climate forcings include global temperature and heatwave increases that are
expanding the equatorial tropical belt, sea-level rise, an increase in the frequency of the
most intense tropical cyclones, both increases and decreases in freshwater inputs to
coastal zones, and increasingly severe extreme precipitation events, droughts, freshwater
shortages, heat waves, and wildﬁres. Current climate impacts are already strongly
inﬂuencing natural and human systems. Because of proximity to several key warming
variables such as sea-level rise and increasing frequency and intensity of heatwaves,
coastal cities are a leading indicator of what may occur worldwide. Climate change alone
will diminish the sustainability and resilience of coastal cities, especially in the tropicalsubtropical belt, but combined with other global changes, this suite of forcings represents
an existential threat, especially for coastal cities. Urbanization has coincided with orders of
magnitude increases in per capita GDP, energy use and greenhouse gas emissions, which
in turn has led to unprecedented demand for natural resources and degradation of natural
systems and more expensive infrastructure to sustain the ﬂows of these resources. Most
resources to fuel cities are extracted from ex-urban areas far away from their point of ﬁnal
use. The urban transition over the last 200 years is a hallmark of the Anthropocene
coinciding with large surges in use of energy, principally fossil fuels, population,
consumption and economic growth, and environmental impacts such as natural
system degradation and climate change. Fossil energy enabled and underwrote
Anthropocene origins and fueled the dramatic expansion of modern urban systems. It
will be difﬁcult for renewable energy and other non-fossil energy sources to ramp up fast
enough to fuel further urban growth and maintenance and reverse climate change all the
while minimizing further environmental degradation. Given these trajectories, the future
sustainability of cities and urbanization trends, especially in threatened areas like coastal
zones in low-income countries in the tropical to sub-tropical belt, will likely diminish.
Adaptation to climate change may be limited and challenging to implement, especially for
low-income countries.
Keywords: climate change, Anthropocene, deltas, sustainability, tropical coasts, megacities
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INTRODUCTION

making coastal ecosystems and coastal cities less resilient and less
sustainable. They include dams on rivers that reduce sediment
input to coastal zones, massive water withdrawals from many
rivers (e.g., the Tigris-Euphrates, Colorado, Nile and Indus),
impoundment and reclamation of coastal areas, increased
subsidence, separation of rivers from coastal systems by levees,
and widespread contamination (Syvitski et al., 2009; Giosan et al.,
2014; Tessler et al., 2015; Day et al., 2016; Day et al., 2019; Day
et al., 2020).
In this article we consider the future of urban areas focusing on
coastal cities, in the cumulative context of the impacts of the
global change forcings outlined above. In doing so we address
several fundamental 21st century questions. Urban growth over
the last two centuries was sustained by abundant cheap energy,
overwhelmingly fossil fuels (Burger et al., 2019). At the beginning
of the industrial revolution, most large cities were in the
temperate zone. However, large cities have increasingly
developed in sub-temperate and tropical areas. The growth of
cities led to a dramatic demand for goods and service provided by
the biophysical base of the earth system (Brown et al., 2014;
Steffen et al., 2015; Burger et al., 2019). This has brought about a
dramatic degradation of natural systems on which humans
depend. Along with dramatic increases in per capita energy
use and GDP growth have come bourgeoning greenhouse gas
emissions by two orders of magnitude (100-fold) or more as
countries urbanized (Burger et al., 2019). A central question, then,
is whether climate change in combination with other global
trends are so profound that the sustainability of many cities,
and especially coastal cities, is questionable. Will the trajectory of
the urban transition continue through this century and into the
next or will it stall or even reverse?
By addressing these questions, our review responds to the
focus of this special issue Coastal Cities in a Changing Climate.
We turn ﬁrst to urbanization in the coastal zone, the growth of
cities, and the urban transition. Because the focus of the special
issue is on climate and coastal cities, we develop a detailed section
on global climate change drivers including global warming,
tropical cyclones, wildﬁres (and why this is important for
some coastal cities), drought risk and water stress, and
extreme precipitation events. We then integrate climate
forcings with other megatrends in the context of the Great
Acceleration, urbanization and ongoing Anthropocene
evolution, including resource scarcity, challenges to the fossil
energy-renewable energy transition, urban areas and disease, and
food security.
This is not a detailed review of all available literature. We
regard coastal cities as being leading indicators of the impacts of
global change on urban areas. They are not only useful from the
point of view of current trends in coastal cities evolution but also
serve to show how long term-climate changes will impact all
cities. As such, our selection criteria are focused on variables that
most evidently impinge on coastal cities such as sea level and
subsidence, increasingly heavy precipitation events resulting from
tropical storms, freshwater stress and drought/wildﬁre dangers.
On the social side, we pursue the thermodynamics of
international commerce since coastal cities have been at the
core of transportation and human population growth for

For thousands of years, human societies have lived relatively
sustainably in coastal areas. The beginnings of civilizations as
characterized by monumental architecture, large public works
projects, social stratiﬁcation and writing was intimately tied to
many of the ﬁrst urban developments. Many of the ﬁrst cities
worldwide occurred in coastal areas and soil-rich lower river
valleys where high natural resource energies subsidized the
ﬂowering of culture (Day et al., 2007; Day et al., 2012;
Marquet et al., 2012; Gunn et al., 2019). Turning to the
modern era, urbanization was a hallmark of the 20th century
with a majority of the world’s population living in cities by 2010.
The most urbanized countries have greater per capita GDP,
energy use, and greenhouse gas emissions than predominantly
rural countries (Burger et al., 2019). Coastal cities continue to be
centers ever more so of economic activity, technological
development, and culture. For example, Rappaport and Sachs
(2002) reported that economic activities in the United States are
overwhelmingly concentrated in coastal cities, which contribute
very signiﬁcantly to the nation’s productivity and quality of life.
However, the 20th century was also a time of dramatic change
in the biogeosphere and society. There was dramatic exponential
growth in many aspects of the coupled natural-human systems,
currently being characterized as the Anthropocene, including
population, carbon dioxide in the atmosphere, the size of the
human economy, energy use, natural resource extraction and
utilization, and information generation (Brown et al., 2014;
Steffen et al., 2015; Burger et al., 2019). Environmental
degradation and species extinctions also rose dramatically
(Steffen et al., 2018; Ceballos et al., 2020). Population rose by
more than a factor of seven from 1800 to 2010, 1 to 7.7 billion,
and total energy consumption by much more (Schramski et al.,
2015; Syvitski et al., 2020). During this same period, the utility of
cities changed as the number of people living in cities of a million
or more rose by a factor of about 500. Around 2010, for the ﬁrst
time in human history, more than half of the world’s population
lived in cities—the urban transition. During the 19th and 20th
centuries, the largest cities shifted from richer countries in higher
latitudes (e.g., New York and London) to subtemperate and
tropical areas and most urban growth is now taking place in
developing countries and coastal areas. The combined impact of
human activities has become so large that the earth moved into
the new geological epoch, the Anthropocene (Steffen et al., 2018).
Syvitski et al. (2020) report that human impacts had reached such
high levels by the mid-20th century that the Earth System
departed from its 10,000 years Holocene state to enter the
Anthropocene.
Any consideration of the future of coastal cities must take into
account the issues raised above. Coasts are at the forefront of
global climate change impacts being led by sea-level rise, intense
precipitation events, changes in freshwater input to the ocean,
increased global warming and heat waves, poleward expansion of
the tropical biological zone, increased intensity of tropical
cyclones, and more extreme droughts and dramatic increases
in wildﬁres. Each is discussed in more detail below. To these
clearly global issues must be added local human impacts that are
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FIGURE 1 | Colored dots show coastal cities that will be signiﬁcantly impacted by sea-level rise. Note that many of the largest cities are on lower income tropical to
sub-temperate coasts (C40.org, 2020). Coastal zones enclosed in the highlighted area will experience multiple climate stresses that will interact with other mega-trends
that will lead to diminished resilience and sustainability (Modiﬁed from C40 2020. Reprinted by permission).

3,000 years, a tendency certainly not diminished by the current
trend towards transportation on the seas to supply megacities. To
obtain these measures, we select from key synthesis reviews such
as the IPCC, UN population studies, the International Energy
Agency and the United States NOAA that encompass key global
and social change variable sets that could impact coastal city
sustainability.

countries. In addition to sea-level rise, these cities will face the
above variety of other climate forcings, which we will now review.

GLOBAL CLIMATE CHANGE DRIVERS
As mentioned above, climate change impacts are affecting the
biogeosphere and society globally and coastal areas are at the
forefront of the climate change experience of increasing
temperature, sea-level rise, tropical cyclones, drought and water
stress, wildﬁres, and extreme precipitation events (Goldenberg
et al., 2001; Emanuel, 2005; Webster et al., 2005; Hoyos et al.,
2006; FitzGerald et al., 2008; Pfeffer et al., 2008; Vermeer and
Rahmstorf, 2009; Kaufmann et al., 2011; Min et al., 2011; Pall et al.,
2011; IPCC, 2013; Horton et al., 2014; Mei et al., 2015; DeConto
and Pollard, 2016; Koop et al. 2016). Added to global warming will
be increasing energy costs leading to higher economic costs for
energy-intensive activities to address climate threats (Tessler et al.,
2015; Wiegman et al., 2017 as addressed below).
Temperature. Extreme heat is affecting increasingly larger
areas of the globe. For example, Stott et al. (2004) reported
that human activity was largely responsible for the European
heat wave of 2003 (Figure 2). Xu et al. (2020) found that for the
last six millennia of the Holocene, human populations occupied a
relatively narrow part of the global climate envelope and
production of crops and livestock was largely constrained to
the same temperature range. The position of this climate envelope
is projected to shift more in the next half century than it did in the
past 6,000 years (Figure 3). Xu et al. conclude that a third of the
human population will experience a mean annual temperature
greater than 29°C by 2070, compared to 11–15°C for the past six
millennia. The most dramatic reduction of temperature
suitability is projected to occur in the tropics, subtropics and

URBANIZATION IN THE COASTAL ZONE
We provide here more detailed information about growth in
population and consumption, the urban transition, and the
growth of coastal cities. In 1800, there were only two cities in
the world with a million inhabitants. By 2018, there were about
550 cities of a million or more and by 2030 it is projected that
there will be over 700 such cities. One in ﬁve people globally lives
in cities with more than a million inhabitants. In 2010, there were
33 cities of 10 million inhabitants, the megacities, and by 2030 it is
projected that that there will be 43. Only one of the top ten
megacities in 2030 will be in a developed country (Tokyo).
Much of the growth of urban areas is happening in the coastal
zone, especially between 30° north and south, which is home to
more than 60% of the 33 largest megacities worldwide (see
Figure
1,
https://digitallibrary.un.org/record/3799524).
Figure 1 shows coastal cities that will be increasingly impacted
by sea level rise, especially after the mid 21st century.
Oppenheimer et al. (2019) and IPCC (2019) reported
projections of sea-level rise from 1986–2005 to 2081–2100
(values in parentheses are in meters, ranges are in brackets)
(0.43 [0.29–0.59] for RPC2.6, 0.55 [0.39–0.72] for RPC4.5, and 0.
84 [0.61–1.10] for RCP 8.5). Note that most of the cities in
Figure 1 are in sub-temperate to tropical areas in less developed
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FIGURE 2 | June–August temperature anomalies relative to the 1961–1900 mean for Europe (inset). Black line is observed temperatures and heavy black line is a
low pass ﬁltered temperature. Colors are future modeled temperatures; heavy yellow line is natural forcing. Observed temperature for 2003 is shown as a star (from Stott
et al., 2004. Reprinted by permission).

sub-temperate zone, especially along tropical coasts. Mora et al.
(2017) also showed that projected climate change will lead to
temperatures that exceed human thermoregulatory capacity and
that 30% of the world’s population is already currently exposed to
lethal temperature-humidity conditions (Figure 4). This is
exacerbated by urban “heat-island” affects in humid coastal
cities. By 2100, they projected that this percentage would
increase from approximately 48–74% depending on future
emissions. They further concluded that mortality from high
heat is almost inevitable and will be much worse without
reductions in greenhouse gas emissions. The use of nonmetabolic energy to mitigate high temperatures through airconditioning is less accessible in the lower-income tropics than
in high-income countries (e.g., Hill et al., 2013).
Figure 5 shows that lethal heat waves are becoming more
common globally. Based on tree ring reconstructions of
heatwaves and soil moisture over the past 260 years, Zhang
et al. (2020) documented an abrupt shift to a hotter and drier
climate over inner East Asia that they described as crossing a
tipping point. Over the past 2 decades, the East Asian climate
system trend exceeds the natural variability range for this region
that is potentially irreversible. If realized, it will impact the large
populations in coastal areas of southeast Asia. Increasing heat
waves will also pose challenges for food security, especially in lowincome countries in the tropical belt (see below). Extreme heat
will also impact wild and domestic food production and storage

Frontiers in Environmental Science | www.frontiersin.org

(Hammond et al., 2015), especially in coastal zones where
livelihoods are often dependent on local and regional harvest
and trade. This is discussed in more detail below.
The oceans are warming also. Oliver et al. (2021) reviewed
prevalence of marine heatwaves that can be detected more
accurately and easily by satellite observations. Global climate
change has led to an increase in the frequency and duration of
marine heatwaves (Figure 6). The impact of these heat waves on
coastal systems is addressed later in the paper. The increasing
frequency of marine heatwaves raises the question of ocean heat
absorption capacity. Loeb et al. (2021) reported that the amount
of heat stored by the earth system doubled from 2005 to 2021.
While the exact global temperature at which the capacity of the
oceans to absorb excess heat is not known, this great rate at which
it is being used up suggests a rapidly approaching tipping point
that will substantially and irreversibly change the locations of the
human climate envelope.
Sea-Level Rise. Eustatic sea-level rise is projected to increase by
up to 1 m by 2100 and maybe more. It will increasingly impact
coastal areas in this century. Especially vulnerable are coastal regions
with large areas of near-sea level land (Figures 1, 7). Most important
will be large deltas that are concentrated in the tropics and subtropics
(Syvitski et al., 2009; Giosan et al., 2014; Day et al., 2016; Day et al.,
2019). A number of megacities are located bordering on or in deltas
(Yangon, Kolkata, Dhaka, Ho Chi Minh City, Shanghai, Cairo,
Karachi, Lagos). Changes in the drainage basins of large deltas
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consolidation of sediments) that lead to high rates of relative sealevel rise (subsidence plus eustatic sea-level rise). Subsidence is also
caused by subsurface ﬂuid withdrawal (Day et al., 2019). Sea-level
rise can interact with ocean circulation to exacerbate coastal ﬂooding
and saltwater intrusion (Wahl et al., 2015; Lee and MingZhang.
2017; Pietrafesa et al., 2019).
Tropical Cyclones. Increasing warming of ocean surface
waters has ampliﬁed the impacts of tropical cyclones. Emanuel
(2005) reported that a 1°C increase in sea surface temperature in
the tropics over the past half century generated approximately
80% increase in hurricane intensity or power. It has been reported
that the frequency of the most intense tropical storms is
increasing (Webster et al., 2005; Hoyos et al., 2006; Elsner
et al., 2008; Bender et al., 2010). Mei et al. (2015) predicted
climate change will increase already high average typhoon
intensity in the Paciﬁc area by 14% by 2100. Tropical cyclones
are also intensifying more rapidly (Bhatia et al., 2019) as are large
surge events (Grinsted et al., 2012). Li and Charkraborty (2020)
analyzed the intensity of North Atlantic landfalling hurricanes
over the last 50 years and found that the rate of decline in
hurricane strength over land has decreased in inverse
proportion to the rise in sea surface temperature causing
greater ﬂooding concerns in coastal and inland cities. Tropical
cyclones impact the western basins of the north Atlantic and
North Paciﬁc, the northern part of the Indian Ocean, and parts of
east Africa and Australia (Figure 8). Countries bordering the
western Paciﬁc and Indian Ocean are among the most populous
and highest human population densities in the world (Burger
et al., 2017; Burger and Fristoe 2018; Burger et al., 2019). This area
contains many coastal megacities (Figure 1). In summary, it is
projected that the frequency of the strongest tropical cyclones will
increase, and these storms will be larger, intensify faster, have
more precipitation, intensify faster, move slower, and decay more
slowly over land.
Wildﬁres. Wildﬁres are becoming more frequent, covering
larger areas, and wildﬁre seasons are becoming longer. Robinne
et al. (2020) analyzed global wildﬁre-water risks to human and
natural systems using a global index to assess wildﬁre risk. Large,
intense wildﬁres have occurred on the west coast and

FIGURE 3 | Projected geographical shift in the human temperature niche
in terms of the suitability for human habitation. Large areas of the earth will
have signiﬁcantly lower suitability in terms of temperature, especially in the
tropics and subtropics. Top panel. Current position of the human
temperature niche. Mid panel. Change projected for 2070 with RCP8.5.
Bottom panel. Bottom panel. Differences between the two maps. (Xu et al.,
2020. Reprinted by permission).

(freshwater withdrawal, sediment retention behind dams) and local
changes (reclamation, hydrologic alteration) are decreasing the
resilience of these areas (Giosan et al., 2014; Tessler et al., 2015;
Day et al., 2016; Day et al., 2019). High subsidence rates are frequent
due to geologic subsidence in deltas (due to compaction and

FIGURE 4 | (A) Locations of recent recorded lethal heat events. (B) Mean daily surface air temperature and relative humidity during lethal heat events (black
crosses) compared to non-lethal events (red to yellow). Blue line separates lethal and non-lethal events and red line is 95% probability threshold for lethal events (from
Mora et al., 2017. Reprinted by permission).
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induced risk is higher in low-income countries because of the lack
of socio-economic capacity to respond to disasters (e.g., Dyer,
2009; Tessler et al., 2015). The wildﬁre-water index is high along
the northern and southeastern coasts of Australia, the
Philippines, the Indo-Paciﬁc area, coastal northwestern Paciﬁc,
the Asian and east African coasts of the Indian Ocean, Mideast
and Mediterranean coasts, western Europe from Spain to
Scandinavia, tropical west Africa, the Atlantic, Gulf and Paciﬁc
coasts of North America, and Central America, and much of
South America (Figure 9).
Although not a coast-speciﬁc climate forcing, wildﬁres can
strongly impact coastal cities. Fires can directly threaten coastal
cities such as Los Angeles and Sydney and they create extremely
poor air quality. Wildﬁres are more common in arid areas and
combine with drought to reduce the sustainability of coastal
cities. An example is the coastal region of California. The Los
Angeles-San Diego area is the second largest ex-urban area in the
United States. This region obtains water from northern
California, the Colorado River and Owens Valley, Nevada.
Projections are for increasingly arid conditions in the
Southwest, lower river discharge, and greater water demand
(Ingram and Malamud-Roam, 2013; Milly and Dunne, 2020;
Williams et al., 2020). Thus wildﬁres, drought, and water scarcity
can combine with coastal climate forcings such as tropical
cyclones and sea level rise to threaten the sustainability of
coastal cities. The impact of these forcings may in part
contribute to the current population decline in California.
Drought Risk and Water Stress. Climate change and human
water demand is leading to more intense droughts (United
Nations, Department of Economic and Social Affairs,
Population Division., 2018). Global drought risk and water
stress are related. These are especially intense and widespread
around the Mediterranean, temperate forests, along the northern
shore of the Indian Ocean, Middle East, and southeast Asia, and
the American Southwest and much of southern Mexico and
Mesoamerica, southeastern South America, and tropical west
Africa (Figure 10).
Extreme Precipitation. Extreme precipitation events are
becoming more common worldwide (Schiermeier, 2011).
Using observations and modeling, Min et al. (2011) showed
that human-induced increases in greenhouse gases have
contributed to observed intensiﬁcation of heavy precipitation
events over a large part of northern hemisphere land areas
(Figure 11). Pall et al. (2011) used modeling to evaluate the
impacts of climate warming and concluded that in nine out of ten
cases model results indicated that 20th century anthropogenic
greenhouse gas emissions increased the risk of ﬂoods occurring in
England and Wales in the autumn of 2000 by more than 20%. In
two out of three cases by more than 90%. An example of an
extreme, intense precipitation event is Hurricane Harvey, which
in 2017 led to a total rainfall of about 1.5 m in three days when the
hurricane became semi-stationary along the south Texas coast
(Figure 12).
The information presented here shows that current and future
climate forcings will affect almost all of the earth’s coasts. A broad
zone that includes tropical to sub-temperate regions around the
globe will be affected by most of the forcings discussed above

FIGURE 5 | Global patters of the number of days per year above deadly
threshold (to the left of the blue Line in Figure 4B) for 1995–2005 average and
for different emission scenarios. From Mora et al. (2017). Reprinted by
permission.

southwestern United States, Greece, Indonesia, Australia, central
Chile, Amazona, and other areas in recent years. Wildﬁre risks
can be particularly acute in water-insecure countries. Wildﬁre-
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FIGURE 6 | Example of Marine Heatwaves (MWH) since 2001 as indicated by sea surface temperature anomalies. These occur from high latitude to tropical waters.
From Oliver et al. (2021). Reprinted by permission.

FIGURE 7 | Rates of global sea-level rise from 1900 to 2015 (Hansen et al., 2015. Reprinted by permission).

(Figure 1). It includes a large proportion of the world’s
population, almost all of the world’s major deltas, and most
coastal megacities. It should be noted that climate change forcings
that are not normally considered “coastal” forcings can impact
coastal cities. For example, wildﬁres are becoming more intense
and the length of the wildﬁre season in many areas is increasing.
Coastal cities in some areas affected by wildﬁres that are normally
not impacted by coastal climate forcings such as sea level rise or
tropical cyclones can become less resilient and sustainable
because of global change-fueled forcings such as intensiﬁcation

Frontiers in Environmental Science | www.frontiersin.org

of wildﬁres and drought, especially when combined with other
global change drivers. Some examples include southern
California and northwestern Mexico, the Mediterranean and
Middle East, central Chile, and the southeastern coast of
Australia.
To directly address the concerns of the special issue on Coastal
Cities in a Changing Climate, we suggest that climate change
alone will threaten the sustainability and resilience of many
coastal cities, especially in lower-income countries in the
tropical to sub-temperate zone. Indeed, current climate
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FIGURE 8 | Global tropical storm tracks 1848–2013. Red and orange, Safﬁr-Simpson category 4 and 5, yellow and green category 1-3, blue tropical storms, and
depressions. Source NOAA Digital GeoZone.

FIGURE 9 | Wildlife-Water Risk index globally. Red areas have higher risks. Areas in gray were excluded from the analysis because of low precipitation and/or
runoff–see Figure 10 for comparison. (Robinne et al., 2020, Reprinted by permission).

THE GREAT ACCELERATION,
URBANIZATION, AND RESOURCE
SCARCITY

impacts are already dramatically impacting coastal cities in
advance of more inland cities. However, the nature of cities
themselves in combination with other global change forcings
suggest that the trend towards further urbanization may become
infeasible as this century progresses. Taken together the global
change forcings have contributed to a new state of the earth/
societal system that has been termed the Anthropocene. We
address these issues in following sections.

Frontiers in Environmental Science | www.frontiersin.org

Acceleration. Twentieth century science has led to increasing
recognition of the impact of human activities on the biogeosphere
(Steffen et al., 2011; Steffen et al., 2015). Because of this, there is a
growing consensus that earth has entered a new geological epoch
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FIGURE 10 | Global drought risk and water stress (https://wri.org/applications/aqueduct/water-risk-atlas/#/
?advancedfalse&basemaphydro&indicatorw_awr_def_tot_cat&lat-8.841651120809145&lng35.06835937500001&mapModeview&month1&opacity0.
5&ponderationDEF&predeﬁnedfalse&projectionabsolute&scenariooptimistic&scopebaseline&timeScaleannual&yearbaseline&zoom3). Used by permission,
copywrite Beta Aqueduct Water Risk Atlas. Creative Commons (creativecommons.org/licenses/by/4.0/#). Use does not imply endorsement by Creative Commons
or The Aqueduct.

called the Anthropocene (Crutzen, 2002; Syvitski et al., 2020).
This is especially apparent in the second half of the 20th century,
the so-called exponential century or Great Acceleration (Steffen
et al., 2018). Climate change and related mega-trends such as
energy scarcity, population growth, massive resource
consumption, and environmental degradation will impact
natural and social systems globally, but the impact is being felt
earlier and stronger in many coastal systems, especially in lower
latitudes (e.g., Poff et al., 2002; Tessler et al., 2015; Day et al., 2018;
Day and Rybczyk, 2019). Growing environmental impacts and
decreasing energy availability will likely combine to limit options
for restoration and management of coastal zones and complicate
human response to mitigate climate change affects in coastal

Frontiers in Environmental Science | www.frontiersin.org

cities (Day et al., 2007; Tessler et al., 2015; Day et al., 2016;
Wiegman et al., 2017).
Various points of view have developed over the future of the human
population. In 2021, global population reached 7.7 billion. The United
Nations, Department of Economic and Social Affairs, Population
Division, (2019) projects that global population will continue to
grow but at a slowing rate through the 21st century and that total
population will reach 8.5 billion in 2030, 9.7 billion in 2050, and 10.9
billion by 2100. However, the demographic transition comes at the cost
of increasing per capita consumption (Moses and Brown, 2003;
DeLong et al., 2010) and may be limited by available resources.
Alternatively, Vollset et al. (2020) modeled future population
on purely demographic drivers, fertility, migration, and mortality.
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FIGURE 11 | Comparison of geographical trends of extreme precipitation indices for 1951-1999 for annual maximum daily (RX1D) and ﬁve-day RX5D) precipitation
amounts. (A, B) Observations, (C, D) model simulations, and (E, F) combined for observations (OBS), anthropogenic forcing (ANT), and anthropogenic plus natural
forcings (ALL) (from Min et al., 2011, Reprinted by permission).

FIGURE 12 | Rainfall during Hurricane Harvey in the Houston vicinity. Peak rainfall was more than 1.5m over three days. (modiﬁed from https://www.climate.gov/
news-features/event-tracker/reviewing-hurricaneharveys-catastrophic-rain-and-ﬂooding, accessed on 7 January 2021).
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He projects that global population will peak at 9.73 billion in 2064
and then a decline to 8.79 billion by 2100. To this can be added
other important factors affecting population decline, female
educational attainment, access to contraception, and increased
per capita energy use that coincides with increased economic
development (Moses and Brown, 2003). Thus, such scenarios of
populations peaking and declining can be questioned given
currently available energy reserves (DeLong et al., 2010;
Burger, 2019). In the meantime, the high-income world
continues to be the major consumers of fossil fuels, renewable
biocapacity and contributor of greenhouse gases, all of which
could attenuate the advance toward population peaking.
Urbanization. As noted above, an important deﬁning
characteristic of urbanization is the global urban transition.
This occurred around 2010 when the proportion of the
world’s population living in urban areas exceeded 50% and
coincided with dramatic growth of megacities. This is
fundamentally different from the way that our species lived for
almost the entire period it has existed (about 300,000 years;
Burger et al., 2017; Burger and Fristoe, 2018). As noted above,
since 1800 the global population has grown by about 7.5 times
while the growth of cities of more than a million people has grown
by a factor of more than 500. In the mid-1800’s England was the
ﬁrst country to go through the urban transition. The urban
transition has been interpreted as an encouraging sign that the
human population and economy are on a path toward greater
global sustainability according to some authors (e.g., Jenks and
Burgess, 2000; Newman, 2006; Glaeser, 2011; Rose, 2016) who
have suggested that concentrating the Earth’s growing population
and industrial-technological-information economy in urban
centers will reduce human impacts on the environment by
packing more people in efﬁcient cites.
However, this is likely not the case because modern megacities
are dependent on energy and material ﬂows from ex-urban
environments globally (Rees and Wackernagel, 1996;
Poumanyvong and Kaneko, 2010; Burger et al., 2012; Rees,
2012; Burger et al., 2017; Burger et al., 2019; Schramski et al.,
2015; Baabou et al., 2017; Isman et al., 2018). It has been shown that
per capita GDP is related to per capita energy use (Odum, 1971;
Brown et al., 2011; Brown et al., 2014; Hall and Klitgaard, 2017).
Brown et al. (2011), Brown et al. (2014), and Schramski et al. (2015)
and others have concluded that the current economic paradigm
based on increasing human population, economic development,
and standard of living is no longer compatible with the biophysical
limits of a ﬁnite Earth. The continuing global economic failure to
maintain past growth rates is due to scarcity of critical resources
including oil, gas, water, arable land (especially soil carbon and
other depleting nutrients), metals, rare earths, fertilizers, ﬁsheries,
and wood (Burger et al., 2012). As the modern industrialtechnological-informational-economy
expanded
and
urbanization increased over the 20th century, it grew by
consuming the Earth’s natural resources at unsustainable rates.
Correlations between per capita GDP and per capita consumption
of energy and other resources across nations and over time
demonstrate how economic growth and development depend
on the capital of natural resources or ecosystem services as well
as cheap energy. There has been a decades-long trend of decreasing
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per capita consumption of multiple important commodities that
indicate that this overexploitation has created an unsustainable
bubble of population and economy (Burger et al., 2012). Portland
Oregon is illustrative of the problem of the “green” city. Burger
et al. (2012) reported that Portland, in spite of its reputation, used
vast quantities of gasoline, natural gas, electricity, water, food, and
other resources and released large amounts of liquid sewage, CO2,
and solid waste. Domestic and international trade involved
millions of tons annually. With respect to these ﬂows, they
concluded green Portland was about average for a United States
city of comparable size with respect to the ﬂows mentioned.
Energy. Per capita energy use and per capita greenhouse gas
emissions in different countries varies by over two orders of
magnitude and is related to the degree of urbanization (Burger
et al., 2019). Energy use per capita is about 500 W in the poorest
countries, barely more than the 100 W of human biological
metabolism. In the richest countries, it is more than 10,000 W
because human metabolism has been supplemented more than
100-fold from exogenous, ex-urban energy sources, mostly fossil
fuels as well as enormous resources extracted from the
biogeosphere. Data on a variety of variables that reﬂect
standard of living and quality of life (Brown et al., 2014),
including indices such as the human development index,
wealth and poverty, infant mortality, food consumption,
ownership patterns, education, and research spending, are
strongly related to per capita GDP, which is strongly related
to per capita energy consumption.
Two central questions relative to this dilemma is whether
renewable energy can be ramped up fast enough to replace fossil
fuel decline (due either to depletion of economically viable fossil
fuel reserves or to conscious decisions to reduce fossil fuel use to
avoid climate impacts) and the degree that renewables can replace
all important uses of fossil fuels such as heavy industry,
transportation, and food production (Smil, 2017; Day et al.,
2018;
EIA(Energy
Information
Agency),
2019;
IEA(International Energy Agency) 2020; Smil, 2021).
To avoid temperature increases greater than 2 C, fossil fuels
must be largely phased out by 2050 (IPCC, 2019; Oppenheimer
et al., 2019). The IEA(International Energy Agency). (2020)
reported that global reliance on fossil fuels decreased from 95%
of total primary energy in 1975 to about 85% in 2020. They project
that 70–75% of global primary energy consumption may be met via
fossil fuels in 2040. If new renewables are to replace fossil fuels by
mid-century, they must increase by more than 10-fold in 3 decades.
It took total fossil fuel growth 77 years to increase by a factor of 10
to reach 2010 levels (Maggio and Caddiola, 2012). Thus, to meet
fossil fuel phase out by 2050, new renewables growth must be much
faster than fossil fuel growth in the 20th century.
As noted above, per capita GDP, per capita energy use and per
capita greenhouse gas emissions for most countries of the world
increased as the level of urbanization increased (Burger et al.,
2019). In all high-income countries, the proportion of the
population living in urban areas is greater than 80%. As the
proportion of the urban population increases in countries as they
go through the urban transition, so does GDP (Burger et al.,
2019). The increase is dramatic with per capita GDP, energy
consumption and greenhouse gas emissions increasing by 100 to
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1,000 fold (2–3 orders of magnitude) from the poorest and least
urbanized nations to the richest and most urbanized nations.
It has been argued that the shift to a service economy results in
lower per capita energy consumption because by shifting from
producing goods to providing services, a society can reduce
consumption and result in lower per capita energy use
(Hawken et al., 2000; –See Heiskanen and Jalas, 2000;
Heiskanen et al., 2001; Romm, 2002; Victor, 2010 for reviews).
Direct energy intensity of value added and direct energy use per
worker are signiﬁcantly lower for services compared to industry
for the United States. However, Fix (2019) showed that fossil fuel
use per capita and CO2 emissions per capita were signiﬁcantly
and positively related to the percent of the population in the
service sector. This is consistent with the ﬁndings of Burger et al.
(2019) showing increasing per capita energy use and greenhouse
gas emissions and that the service sector accounted for a greater
proportion of the economy with increasing urbanization.
Urban Areas and Disease. Urbanization complicates global
health and facilitates epidemics of infectious diseases (Neiderud,
2015). With the rapid urbanization that has taken place over the
past century, rural areas can become incubators for epidemics that
can spread more rapidly to cities via global transportation,
becoming worldwide threats. The current COVID-19 pandemic
is an illustrative example. Among different cities and within
individual cities, there can be very different levels of social
security and access to modern health care, as for example the
differences between slums and wealthy neighborhoods. The former
are often very crowded and lack access to freshwater and sanitation
facilities. Thus, the hyper-densities of modern cities (Burger et al.,
2017) can be catalysts for rapid spread of infectious diseases due to
such factors as tourism and international trade.
As noted, the conditions leading to the spread of infectious, as
well as lifestyle diseases, are common in cities in poorer countries.
This is exacerbated in cities in coastal areas in tropical and
subtropical areas where much urban growth is taking place. An
interesting case study is the ancient civilization of the Maya culture
that progressed its urbanization from villages in southern lowland
swamps 3,000 years ago, to magniﬁcent templed cities on
promontories by 1,500 years ago. This was followed by the
famous Maya collapse, but the collapse was actually only of the
interior cities. Coastal cities then moved to the fore of commerce by
capitalizing on the efﬁciency of maritime transportation. The
lesson to be learned was/is that large, dense urban populations
cannot sustain themselves in challenging tropical environments
where they are highly susceptible to pandemics. Rather they had to
be installed on high terrain, in porous substrates to avoid water
contamination and enable annual ﬂushing of the cities by rains.
This however unexpectedly exposed them to extended droughts in
the AD 800’s that diminished their sustaining clean water resource,
equivalent to our singular reliance on fossil energy of today’s
society (Scarborough et al., 2012; Gunn et al., 2019a; Gunn
et al., 2019b).
Food security. Both climate change and resource scarcity will
have consequences for food security. We are already seeing the
effects of extreme heat waves on food production. Schramski et al.
(2019) discussed future trends affecting the sustainability of food
self-sufﬁciency. The ability to feed the world’s growing
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population over the past century and a half depended on
decreasing food loses, increasing food yields, and cheap fossil
fuels and transportation networks to distribute food globally
(Hammond et al., 2015). Food self-sufﬁciency at the country
level has been declining over the last 4 decades as the number of
countries able to provide sufﬁcient local food declines. Food
imports have been able to offset most of the country declines.
This is based on cheap fossil fuels and technological advances in a
mechanized food production system with a high level of food
preservation. Schramski et al. (2019) argue that global changes in
climate, energy availability and other factors will lead to
challenges in providing sufﬁcient food for a growing urban
population. As discussed earlier, Xu et al. (2020) reported that
the narrowing range of the global climate envelope that supports
life will impact production of crops and livestock as well as
human health. Australia for example, is already experiencing
mass die-offs in marine and terrestrial environments due to
increasing heatwaves (Ruthrof et al., 2018).
Marine heatwaves also pose a threat to marine ﬁsheries and
coastal economic livelihoods. An example is the impact of the
2013–2016 marine heatwave in the northeast Paciﬁc. Cheung and
Frolicher (2020) reported that modeling studies indicate that the
heatwave caused biomass decreases and shifts in biogeography of
northeast Paciﬁc ﬁsh stocks. The heatwave has increased the
likelihood of harmful algal blooms, shifted distributions of
marine life, and changed food webs. Barbeaux et al. (2020)
reported that the heatwave led to shifts in species distribution
and reduced productivity of Paciﬁc cod in the Gulf of Alaska. The
2013–2015 heat wave increased algal toxins in shellﬁsh and led to
the closure of the Dungeness crab ﬁshery.
The global change impacts discussed above have
disproportionate impacts on low-income countries. For
example, Tessler et al. (2015) reported that combined changes
in land use, regional water management, subsidence, climate
change, and increasing energy costs will increase risks
signiﬁcantly resulting in non-sustainable outcomes for deltaic
coasts. Although both developed and developing countries are
exposed to risks, high-income countries presently limit their risk
by expensive and energy-intensive infrastructure and coastal
defenses. In a world characterized by increasingly scarce and
expensive energy, maintaining and repairing such infrastructure
will likely become unsustainable. More generally, the impacts of
climate change in combination with other global change forcings
will fall disproportionately on lesser developed countries,
especially large cities in the coastal areas, which are more at
risk from climate change. Local and regional food insecurity may
additionally be exacerbated by more frequent and longer heatwaves that can impact ﬁsheries and marine resource populations.

SUMMARY AND CONCLUSIONS
Urbanization by the human species started 5,000 years ago
worldwide and in the 21st century is rapidly expanding at an
unprecedented pace surpassing 50% around 2010. Urbanization
is occurring most rapidly in the tropical and sub-tropical zones
and in coastal areas, so they represent a potential view of the
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future of urbanization as a whole. Climate change in conjunction
with other global change impacts will likely diminish the
sustainability of cities, especially in coastal areas of lowincome countries. Climate change impacts include sea-level
rise, temperature increase, increasing frequency of the most
intense tropical cyclones, changes in freshwater input to
coastal zones, and increasingly severe extreme precipitation
events, droughts, freshwater shortages, heat waves, and
wildﬁres. Climate change alone will diminish the sustainability
and resilience of coastal cities, but combined with other global
changes, this suite of forcings represent an existential threat to
coastal cities. Urbanization has brought about two orders-ofmagnitude (100-fold) increases in per capita GDP, energy use and
greenhouse gas emissions, which in turn has led to unprecedented
demand for natural resources and degradation of natural systems
that provide these resources (Burger et al., 2019). The urban
transition coincides with the Great Acceleration of the
Anthropocene, both of which reﬂect the vastly increased use
of energy, principally fossil fuels. These energy sources enabled
and underwrote the dramatic expansion of the urban age and
fueled the Great Acceleration. It is questionable whether
renewable energy can ramp up fast enough to fuel further
urban growth, reverse climate change, and minimize further
environmental degradation. Continuing the trend toward
urbanization is questionable given these trajectories, especially
in vulnerable low-income cities in coastal zones in the
tropical belt.
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